• Mature, but not immature, dendritic cells are sensitive to glucocorticoid-induced apoptosis.
Introduction
Dendritic cells (DC) are sentinel cells of adaptive immune responses. [1] [2] [3] [4] Based on the expression level of major histocompatibility complex (MHC) II and costimulatory molecules, DC have been categorized into immature and mature DC. During inflammation, immature DC react to pathogen-derived molecules such as lipopolysaccharide (LPS) and undergo maturation. DC can also be categorized into proinflammatory DC and tolerogenic DC based on their influence on the immune response. Mature DC are the most potent antigen-presenting cells that initiate adaptive immune responses. On the other hand, immature DC and DC matured by harmless environmental stimuli and certain pathogens contribute to tolerance. 2, 3, 5 Because DC subsets are numerous and their functional categorization is complex and because their numbers are low, our understanding of the responsiveness of DC subsets to antiinflammatory drugs is limited.
Glucocorticoids are an important class of antiinflammatory and immunosuppressive drugs widely prescribed for numerous inflammatory conditions. 6 Long-term glucocorticoid usage, however, can cause serious side effects such as hypertension and osteoporosis and can compromise the immune system. Therefore, there is a need to improve the efficacy/risk ratio of glucocorticoids. The antiinflammatory benefits of glucocorticoids have been attributed in part to their actions in various immune cells. It has been reported that DC maturation is suppressed by glucocorticoids. 7, 8 Addition of glucocorticoids during DC activation results in reduced expression of surface MHC II and costimulatory molecules, suppressed proinflammatory cytokines, and increased interleukin (IL)-10 production. [8] [9] [10] [11] [12] [13] [14] Antigen processing and presentation by DC is almost completely inhibited when antigen pulsing is performed in the presence of glucocorticoids. 11, 12, 15 Consequently, glucocorticoids impair T-cell stimulatory capacity of DC. 13, 14, 16, 17 In addition, glucocorticoids may reduce the number of DC via inhibiting DC
For personal use only. on . by guest www.bloodjournal.org From 4 migration and increasing DC apoptosis, 7, 9, 10, 12, 15, [18] [19] [20] [21] [22] [23] [24] [25] although some other reports suggest that glucocorticoids do not induce DC apoptosis. 13, 16, 26, 27 It is not known whether different DC subsets have differential sensitivity to glucocorticoid-induced apoptosis.
Both the beneficial and deleterious effects of glucocorticoids are mediated by the glucocorticoid receptor (GR). Our previous work showed that one GR gene encodes multiple GR isoforms including GRα and β generated by alternative splicing and GRα-A, -B, -C1, -C2, -C3, -D1, -D2, and -D3 isoforms generated via alternative translation initiation mechanisms. 28 While various GR isoforms have distinct tissue distribution patterns, the level of GRα is significantly higher than that of GRβ 29 and GRβ does not appear to play a role in glucocorticoid actions in DC. 30 Upon activation by glucocorticoids, GR mainly acts at the transcriptional level to suppress the expression of proinflammatory genes and to induce antiinflammatory genes. 6 Different GR isoforms have different sets of gene targets. 28 , 31 In addition, all GR translational isoforms, except the GR-D isoforms, are proapoptotic in U-2 OS cells, an osteoblast cell line, by inducing proapoptotic genes and repressing antiapoptotic genes. 31, 32 Although it has been demonstrated that DC contain GR, 9, 10, 25 the identity of GR isoforms in DC has not been determined, and whether various GR isoforms specifically regulate DC functions is not known.
We report here that mature, but not immature, DC are sensitive to glucocorticoid-induced apoptosis, and that DC undergo a switch of GR isoforms during maturation. The killing of mature DC by dexamethasone (DEX), a potent GR agonist, can be inhibited by RU486, a GRselective antagonist, and ectopic expression of proapoptotic GR isoforms in immature DC can induce glucocorticoid sensitivity, suggesting that selective expression of GR translational isoforms in immature and mature DC likely underlies DC maturational stage-specific sensitivity to glucocorticoids. We also found that DEX inhibits antigen uptake in immature DC and blocks
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Methods

Reagents and animals
DEX was from Steraloids (Newport, RI). Female Balb/c mice, six-eight weeks old, were from Taconic (Hudson, NY). Animal usage was approved by the Institutional Animal Care and Use Committee at Northwestern University, #2010-1121. Antibody and cytokine sources are listed in Supplements.
Murine asthma model
Female Balb/c mice of six-eight weeks of age were sensitized to OVA according to a published protocol 33 
Immunofluorescent histochemistry
For staining of the active form of caspase 3, prepared sections (Supplements) were then incubated with rabbit anti-caspase-3 (1:4,000), followed by biotinylated goat anti-rabbit antibodies (1:200), streptavidin-HRP (1:200), and coumarin tyramide (1:100). For staining of CD11c and MHC II, slides were washed with TNT buffer and incubated with 10% normal goat serum, followed by Armenian hamster anti-mouse CD11c (1:300) and rat anti-mouse MHC II antibodies (1:600). After washing, slides were incubated with DyLight488 conjugated goat antiArmenian hamster antibodies (1:300) and Texas red conjugated goat anti-rat antibodies (1:600), mounted with Fluoromount-G (SouthernBiotech, Birmingham, AL), and imaged on a Nikon (Melville, NY) Eclipse E800 fluorescent microscope using a 40X objective. Slides processed without primary antibodies were used as controls.
DC culture
Bone marrow-derived DC (BMDC) were cultured as previously described. 34 Briefly, bone marrow was harvested from femurs and tibiae of Balb/c mice (female, six-eight weeks old) and cultured in complete RPMI medium (Invitrogen, Carlsbad, CA) containing 10% US defined fetal bovine serum (FBS, HyClone, Logan, UT), 2 mM glutamine, 50 U/ml penicillin, and 50 μ g/ml streptomycin supplemented with mouse GM-CSF (20 ng/ml) in a 5% CO2 atmosphere at 37ºC.
Medium was replenished on days 3, 5 and 8 of culture. After eight days in culture, approximately 90% of the cells were CD11c+ DC. DC maturation was stimulated using LPS (0.01 to 10 ng/ml) or LTA (4 μ g/ml) for 24 to 48 h. For apoptosis assays, live immature (DAPI-CD11c+CD86-/lowMHC II-/low) and mature (DAPI-CD11c+CD86high (hi)MHC IIhi) DC were sorted on a
MoFlo cell sorter to greater than 97% purity. Sorted cells were treated with DEX (100 nM) ± 
Immunocytochemistry
BMDC were cultured in chamber slides in growth media supplemented with 5% charcoal dextran-stripped FBS and treated with vehicle or LPS (1 ng/ml) ± DEX (10 nM) for 24 h. Cells were fixed with 4% paraformaldehyde and endogenous HRP was quenched using 3% H 2 O 2 .
Blocking was performed using 5% normal goat serum in PBS containing 0.05% triton x-100.
Slides were then incubated with anti-GR #57 (1:100) in blocking solution overnight at 4ºC. After washing, slides were incubated with polymer-HRP anti-rabbit (EnVision plus system-HRP, DAKO) for 30 min, washed, developed using DAB (DAKO), and imaged on an Olympus IX71 microscope using a 100X objective. Slides processed without primary antibodies were used as controls. 
Flow cytometry
Surface staining of single cell suspensions of cultured BMDC was performed at 4ºC for 30 min.
Rat and hamster normal serum and rat anti-mouse CD16/32 were used to block background staining. Annexin-V, DAPI, and propidium iodide (PI) labeling was processed using the annexin-V-FITC apoptosis detection kit (Biovision, Mountain View, CA) according to the manufacturer's instructions. After washing, cells were analyzed on an LSR II flow cytometer (BD, San Jose, CA). Data analysis was conducted using FACSDiva software (BD) and FCSexpress (De Novo Software, Los Angeles, CA).
Cytometric bead array (CBA)
Mouse Inflammation CBA kit (BD) was used to measure cytokines secreted by BMDC treated with vehicle or LPS (1 ng/ml) ± DEX (10 nM) for 24 hr. Supernatants were cleared of debris and subjected to CBA analysis to measure the levels of IL-6 and tumor necrosis factor (TNF)-α according to the manufacturer's protocol.
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Mixed leukocyte reaction
Control or LPS (1 ng/ml, 24 h)-activated BMDC were treated with vehicle or DEX (10 nM) for 24 h and cocultured according to the established protocol 35 with CD4+ T cells isolated using Miltenyi (Auburn, CA) kits and labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen) according to the manufacturer's instruction. CFSE signal was detected after five days of coculture on an LSRII flow cytometer.
Uptake assay
Control or LPS (1 ng/ml, 24 h)-activated BMDC were treated with vehicle or DEX (10 nM) for 24 h and incubated with 1 mg/ml FITC-dextran (average molecular weight 2,000 Kd, Sigma) in growth media at 4ºC or 37ºC for 10-40 minutes. After washing three times with ice-cold PBS, cells were labeled on ice with PEcy7-CD11c. Intracellular FITC signals of CD11c+ cells were measured on an LSRII flow cytometer. The amount of FITC-dextran uptake was calculated as the change in mean fluorescence intensity between samples incubated at 37ºC and 4ºC.
Western blot analysis
Procedures for preparing cell lysates for Western Blot analysis were previously described. 28 The titers for primary antibodies were: anti-GR #57 antibodies (1:400) and anti-actin (1:600,000).
HRP-conjugated anti-rabbit antibodies were used at 1:10,000 dilution for 30 min. After washing, membranes were probed with ECL reagent (GE Amersham, Piscataway, NJ) and exposed to ECL film (GE Amersham).
Realtime RT-PCR and PCR Arrays
RNA samples were extracted from BMDC treated with vehicle or LPS (1 ng/ml, 0-24 h) ± DEX (100 nM, 6 h) using the Absolutely RNA RT-PCR Miniprep Kit (Stratagene, La Jolla, CA) and treated with DNase according to the manufacturer's protocol. The level of specific mRNA in each sample was measured using the one-step RT-PCR procedure on a Prism 7500HT thermocycler (Applied Biosystems, Foster City, CA) as described previously. 28 Each experiment was performed in duplicate with at least three biological replicates. Quantification was achieved using the Sequence Detection Software 2.0 Absolute Level subroutine (Applied Biosystems).
Primer information is in Supplements. Mouse Apoptosis PCR Arrays (Valencia, CA) were performed according to the manufacturer's protocol starting with 0.5 μ g of RNA for each plate.
Results (n=3) were normalized using B2m gene and analyzed using the manufacturer's web software.
Statistical analysis
For comparison of two groups, Student's t-test was performed. For comparison of three or more treatment groups, one-way ANOVA was performed followed by the Tukey post-hoc comparison using Prism software (GraphPad, San Diego, CA). A p value < 0.05 was considered significant.
Results
Selective activation of Caspase 3 in mature, but not in immature, DC in murine spleen by DEX
To clarify the conflicting data in the literature regarding glucocorticoid sensitivity of DC, we determined whether immature and mature DC have different sensitivity to glucocorticoidinduced apoptosis. Triple immunostaining was performed on mouse splenic DC using DC markers CD11c and MHC II and an apoptosis marker, caspase 3 ( Figure 1 ). Immature DC were defined as CD11c+MHC II-/low whereas mature DC were defined as CD11c+MHC II high (hi).
These definitions and the inclusion of cells from both T cell areas and interfollicular areas of the marginal zone encompass various subsets of DC. In spleens of naive mice, the majority of DC are CD11c+CD8-CD205-CD11b+ (70%) and CD11c+CD8hiCD205+CD11b-(23%). 4 In contrast, migratory (CD11c+CD8-CD205+CD11b+) and plasmacytoid (CD11c intermediate B220+Ly6C/6G+) DC constitute less than 4% and 2-3% of DC in murine spleens, respectively.
In addition to staining all DC in spleen, CD11c may also label a small number of activated T cells and natural killer cells, which can be distinguished from DC by their morphology. 
Distinct glucocorticoid responses of immature and mature BMDC
To determine the role GR isoforms in distinct sensitivity of immature and mature DC to glucocorticoid-induced apoptosis, we face several obstacles: the scarcity of DC, the lack of GR translational isoform-specific antibodies due to overlapping sequences of GR isoforms, 28 Figure 4D shows that BMDC had "probe" like processes, a signature feature of DC morphology. We performed immunocytochemistry on BMDC to identify the expression and cellular location of GR ( Figure   4D ). Both control and LPS-treated BMDC had prominent GR staining. In the absence of glucocorticoids, immature DC had GR staining mostly in the nucleus and the perinuclear region while mature BMDC had GR staining predominantly in the cytoplasm. In the presence of DEX (10 nM), both immature and mature BMDC had GR staining predominantly in the nucleus. We previously reported that the GR-D isoforms are localized in the nucleus whereas the GR-A, -B, and -C isoforms are in the cytoplasm in the absence of cognate ligands. 
All cytoplasmic GR
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another 24 h and cell viability and apoptosis were examined using flow cytometry. Sorted mature BMDC had a higher tendency to undergo apoptosis than immature BMDC ( Figure 4F ), suggesting that LPS caused apoptosis of BMDC or mature BMDC had more spontaneous cell death than immature BMDC. After DEX or corticosterone treatment, mature, but not immature, BMDC had increased apoptosis as evidenced by annexin-V staining ( Figure 4F ). RU486 (100 nM) blocked the proapoptotic action of DEX in mature BMDC, indicating that the glucocorticoid sensitivity of mature BMDC is likely mediated by GR. Similar observations were obtained using a viability dye (DAPI) to detect cell death ( Figure 4G ). Lower concentrations of DEX (1 or 10 nM) did not have significant effects on cell viability (data not shown). Therefore, in experiments where cell death confounds results, e.g. cytokine production and antigen uptake assays, DEX was used at 10 nM. The above results indicate that glucocorticoid sensitivities of immature and mature BMDC are different and the GR in immature and mature BMDC may be different.
Distinct GR isoform profiles in immature and mature BMDC
Although previous studies have examined GR expression in DC, 9,10,22,25 none of these studies have evaluated the GR translational isoforms. To determine the mechanisms underlying the maturational stage-specific glucocorticoid sensitivity of DC, we examined the GR isoforms expressed in BMDC at various stages of maturation using Western blot analysis. We focused on GRα isoforms since our unpublished results and others 30 have indicated that GRβ isoforms are undetectable in DC. Immature BMDC predominantly expressed the GR(α)-D isoforms whereas the predominant GR isoforms in mature BMDC (e.g., after stimulation with LPS) were the GR-A and -B isoforms ( Figure 5A-B) . The level of the GR-C isoforms in BMDC was negligible prior to and post LPS treatment. LPS dose-dependently switched the GR isoforms in BMDC ( Figure   For 
5A
). Concentrations of LPS as low as 0.01 ng/ml could induce the switch of GR isoforms in BMDC whereas 1 ng/ml was the optimal concentration. With 1 ng/ml of LPS, GR-A was increased approximately 6-fold, GR-B was increased approximately 8-fold; and GR-D was decreased 2-fold. Because DC can be matured by different stimuli (Toll-like receptor (TLR) ligands, immune complexes, proinflammatory cytokines, and many others), 36 we determined the GR isoform profiles in BMDC stimulated by additional agents. We found that the TLR2 ligand, LTA (4 μ g/ml, Figure 5B ), switched the GR-D isoform to the GR-A isoform as effectively as
LPS. The ratio of the pro-apoptotic GR isoforms (GR-A and -B isoforms)/non-apoptotic GR-D
isoforms increased from approximately 0.5 to nearly 4 after stimulation with LPS (1 ng/ml, Figure 5C ). Consistent with previous findings that these GR isoforms are generated via translational mechanisms, 28 GR mRNA level was found at similar levels before and after LPS treatments ( Figure 5D ). GR mRNA slightly increased shortly after LPS exposure and returned to baseline within 20 h. The slight increase in GR mRNA after LPS may have contributed to the increase of the GR-A and -B isoforms. In contrast, additional mechanisms likely mediated the reduced expression of the GR-D isoforms. To further determine the mechanisms underlying the distinct glucocorticoid sensitivity of immature and mature BMDC, we performed PCR array analyses using the murine apoptosis array to compare the genes regulated by DEX (100 nM, 6 h, Figure 5E ). Among 84 genes analyzed, 8 and 20 genes were uniquely regulated in immature and mature DC, respectively. The majority of induced genes in immature DC were antiapoptotic whereas all three genes repressed were proapoptotic. The majority of induced genes in mature DC were proapoptotic, including both initiation molecules and execution enzymes. Taken together, it appears that when the GR-D isoforms are the predominant isoforms as in immature DC, DC are relatively resistant to glucocorticoid killing and when the proapoptotic GR isoforms,
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Ectopic expression of the GR-A isoform renders immature DC sensitive to glucocorticoids
We transfected the GR-A isoform into immature BMDC to determine whether the proapoptotic GR isoform could confer glucocorticoid sensitivity in immature BMDC. BMDC were transfected using Amaxa murine immature DC transfection subroutine according to the manufacturer's protocol. Transfection efficiency was greater than 50% ( Figure 6 ). Green fluorescent protein (GFP) or GFP+GR-A transfected cells were purified using a MoFlo cell sorter. Isolated cells were treated with DEX (100 nM) for 24 h. Cell death was measured by propidium iodide labeling. GFP+GR positive cells, but not GFP+ cells, showed increased killing by DEX ( Figure   6 ), indicating immature BMDC are capable of glucocorticoid-induced cell death and the proapoptotic GR-A isoform can confer glucocorticoid sensitivity.
Human monocyte-derived DC switch GR isoforms during maturation
To further determine the maturational stage-specific GR isoform profile of DC, we identified GR isoforms in human monocyte-derived DC. CD14+ cells were isolated from human peripheral blood mononuclear cells and differentiated into DC over seven days in culture medium containing GM-CSF and IL-4. DC differentiation (greater then 90% purity) was confirmed by increased detection of CD1a and decreased expression of CD14. GR isoforms were determined using Western blot analysis. As in murine BMDC, immature monocyte-derived DC expressed predominantly the GR-D isoforms and LPS (1 ng/ml, 24 h) induced the expression of HLA-DR Our finding that LPS stimulation increased the susceptibility of BMDC to undergo glucocorticoid-induced apoptosis is in contrast to some previous reports indicating that glucocorticoids do not induce DC apoptosis. 13, 16, 26 The discrepancy between these studies and ours is likely due to differences in purity, types of cells, and treatment regimens. We performed apoptosis assays using immature and mature BMDC purified using a MoFlo cell sorter and the
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purity of immature and mature BMDC after sorting exceeded 97%, whereas the previous reports used unsorted BMDC cultures that contained DC with various degrees of maturity. In some of the previous studies, immature DC were activated with LPS for only 4 h, 16 an insufficient amount of time to synthesize new GR proteins (our unpublished data). DEX was used in this study and is more potent than natural glucocorticoids (e.g. hydrocortisone) used in some of the previous studies. A relatively high dose of DEX (equal to or greater than 100 nM) is required to kill mature DC. However, our findings do agree with the majority of the literature that demonstrates that DC are sensitive to glucocorticoid killing. 
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